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■ Abstract In an age when the majority of monogenic human disease genes have
been identified, a particular challenge for the coming generation of human geneticists
will be resolving complex polygenic and multifactorial diseases. The tools of molecular
and population genetic association have much potential as well as peril in uncovering
small cryptic genetic effects in disease. We have used a candidate gene approach to
identify eight distinct human loci with alleles that in different ways influence the
outcome of exposure to HIV-1, the AIDS virus. The successes in these gene hunts have
validated the approach and illustrate the strengths and limitations of association analysis
in an actual case history. The integration of genetic associations, well-described clinical
cohorts, extensive basic research on AIDS pathogenesis, and functional interpretation
of gene connections to disease offers a formula for detecting such genes in complex
human genetic phenotypes.

INTRODUCTION

The identification of human genetic variants that influence the outcomes of HIV-1
exposure graphically illustrates the power of human genomic assessment on human
disease. The new advances have drawn together the findings of several disciplines
to identify genetic polymorphisms as important regulators of how quickly indi-
viduals develop AIDS, of which AIDS-defining conditions develop and, in certain
cases, whether individuals exposed to HIV-1 become infected on exposure to the
virus (34, 75, 84, 85). The findings have implications not only for the understand-
ing of the process by which HIV replication and dissemination lead to the collapse
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of the CD4+ T-lymphocyte population, a hallmark of AIDS, but also for identify-
ing new targets for therapy development.

The discoveries emerged from a 15-year-long assembly of patient materials
that culminated in the late 1990s with the intersection of four rapidly developing
biological fields: (a) the exquisite cell biology, virology, and x-ray crystallography
that identified the chemokine receptors, CCR5 and CXCR4, as requisite corecep-
tors or entry portals for HIV-cell entry; (b) the longitudinal detailing of clinical
information on thousands of HIV-infected patients monitored in epidemiological
cohort studies; (c) the high throughput genotyping and polymorphism discovery
methodologies developed by the human molecular genetics community; and (d )
the development and implementation of computational algorithms designed to
employ population genetic theory to detect gene associations in disease cohort
populations.

The human genome consists of 25,000 to 50,000 genes, ranging in length
from a few hundred to several million nucleotides, arranged in linear arrays along
24 unique human chromosomes. Today a worldwide scientific endeavor called
the Human Genome Project is near completion of its 15-year goal: to produce
a full-length sequence of the 3.2 billion base pairs that comprise the human
genome (21, 22). Scheduled for draft completion this year, the effort has already
revealed relatively common single nucleotide polymorphism (SNP) variants ev-
ery 500 to 1000 nucleotides (64, 117). This translates into an estimated 1.5–2.0
million genetic differences between any two people. Relating these differences
to human phenotypes offers the alluring prospect for a genetic understanding of
the basis for human distinctions in appearance, talent, behavior, hereditary dis-
ease, inflammatory reaction, and host response to infectious diseases including
HIV.

Although the sequence of the human gene vocabulary is in hand, we still have
names for fewer than 8000 genes, 15–20% of the total. A few hundred SNPs have
been implicated in human hereditary diseases. A common belief is that nearly all
of the genetically simple monogenic diseases have been identified or soon will
be. The challenge of the next generation will certainly be polygenic (or complex)
disease phenotypes (i.e. those with multiple loci exerting small quantifiable effects
on the phenotype) and multifactorial diseases, those which require an environmen-
tal stimulus or cofactor for gene influence. Multifactorial disease genes mediate
infectious disease outcomes as well as susceptibility to chemical toxins, such as
smoking and lung cancer. These phenotypes are not always suitable for pedigree
analysis, since susceptibility/resistance phenotypes of unexposed individuals are
not accessible. For example, if we inspect a number of gay men infected with
HIV-1, their parents and offspring (which are few) are not generally exposed. For
such diseases and other multifactorial phenotypes, population association analysis
is employed to discover genetic effects. In such cases, distortion of population
genetic equilibria [(i.e. allele, genotype frequency, Hardy Weinberg equilibrium
(HWE), and linkage disequilibrium (LD)] become tools of gene mapping. In this
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review, we describe the association methods our collaborators and we employed
to implicate gene effects on HIV-1 exposed individuals. We discuss their strengths
and limitations and highlight the lessons learned from a field test of the tools for
mapping complex multifactorial alleles that influence the AIDS epidemic.

CANDIDATE GENES FOR AIDS

Association analysis can involve either candidate genes or genome scans of anony-
mous DNA markers that track disease susceptibility genes by linkage disequilib-
rium. (We discuss genome scans later in this review.) Candidate genes are screened
for common SNPs by several methods including single strand conformation poly-
morphism (SSCP) (40, 52, 90), denaturing high pressure liquid chromatography
(52, 98, 113), direct sequencing, andin silico consulting (the inspection of in-
ternet databases for cumulative lists of discovered and mapped human SNPs)
(36, 72, 108, 121). Useful SNPs can be discovered in coding regions, in introns, in
untranslated regions of transcripts, in upstream regulatory or promoter regions, and
even among flanking microsatellite or short tandem repeat (STR) loci (36, 72, 121).
A vast literature of AIDS pathogenesis has suggested several hundred candidate
genes including HIV-1 coreceptors, their ligands, cytokines and their receptors,
transcription factors, immune response genes, and other factors that participate
in HIV-1–mediated immune destruction. SNPs have been described in scores of
these loci and nearly all are being tested or already have been for influence on HIV
pathogenesis.

The approach taken by our group was to assemble large cohorts of patients at
risk for HIV-1 infection and to create B-cell lines from each as a renewable store
of DNA for population genetic association analysis. In all, we have worked with
some 20 different AIDS cohorts, including homosexual men, IV drug users, and
hemophiliac patients exposed to contaminated clotting factor lots before the intro-
duction of the HIV blood test in 1984. Detailed descriptions of the AIDS cohorts
have been published (12, 29, 41, 42, 45, 53, 60, 88, 116). In total, our laboratory
has collected some 10,000 individuals who have formed the population basis for
our search. Using these large at-risk populations, clinically monitored over the
course of HIV-1 exposure, infection, and disease progression, we related the pop-
ulation distribution of allele, genotype, and haplotype combinations to differential
disease outcomes. The large numbers of individuals studied, whether pooled in
statistical analyses or considered separately as replicate cohort studies, contributed
to confidence that the observed effects were real and relevant to the disease we
studied.

AIDS is a complex and chronic disease triggered by initial infection with HIV-1,
which leads to depletion of the CD4-T-lymphocyte cell population as a prelude to
immune system collapse. Genetic influence on the epidemiologic heterogeneity of
AIDS could be discovered at any stage. To keep the search focused we concentrated
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TABLE 1 Epidemiologic heterogeneity in AIDS upon which genetic
hypotheses were inspected

1. HIV infection and transmission;

2. The rate of progression to full-blown AIDS after HIV infection;

3. The AIDS sequelae or AIDS-defining disease at diagnosis
(i.e., Kaposi’s sarcoma,Pneumocystis carniipneumonia,
lymphoma, opportunistic infection, neuropathology, etc.);

4. The immune response, cellular and humoral to HIV;

5. Efficacy and side effects of highly active antiretroviral therapy (HAART).

on the five discrete stages of AIDS based on observed epidemiologic patterns listed
in Table 1. Our approach was to discover common SNP (or insertion/deletion) vari-
ants in candidate restriction genes and to test their influence, alone and interacting
with each other, on the five steps in Table 1 using the HIV-1/AIDS cohort pop-
ulations. The first AIDS restriction allele,CCR5-132, was discovered in 1996
as a recessive influence that blocked HIV-1 infection (24, 66, 96, 128). We now
know thatCCR5-132 also affects both the rate of disease progression and the
incidence of AIDS-associated B-cell lymphoma in HIV-1-infected heterozygotes
(24, 25, 66, 96, 128). Several additional AIDS restriction genes were subsequently
discovered to affect different points of AIDS progression and HIV-1 infection
(Table 2).

TABLE 2 Identified genes that affect HIV-1 infection, progression to AIDS, and
AIDS outcome

Allele Mode Effect Time Citation

1. CCR5 delta 32 Recessive Prevent infection — 24, 66, 96, 128
CCR5 delta 32 Dominant Prevent lymphoma Late 25
CCR5 delta 32 Dominant Delay AIDS Overall 24

2. CCR5 P1 Recessive Accelerate AIDS Early 70

3. CCR2 641 Dominant Delay AIDS Overall 106

4. SDF1 3′A Recessive Delay AIDS Early 122

5. HLA A, B, C, Co-dominant Accelerate AIDS Overall 15
“Homozygosity”

6. HLA B∗35 Co-dominant Accelerate AIDS Overall 15

7. HLA C∗04 Co-dominant Accelerate AIDS Overall 15

8. IL10 5′A Dominant Limit Infection — 102
IL10 5′A Dominant Accelerate AIDS Late 102
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SURVIVAL ANALYSIS FOR DYNAMIC
DISEASE PHENOTYPES

The AIDS cohorts consist of patients belonging to specific risk groups likely
to be exposed to AIDS, followed clinically over the course of HIV-1 infection
(12, 29, 41, 42, 45, 53, 60, 88, 116). As such the cohort populations provide a dy-
namic epidemiological view of the course of AIDS pathogenesis and its associ-
ated variation (24, 25, 70, 102, 106, 122). Our study group was largely Caucasian
American (80%) with fewer African American, Hispanic, and Asian individuals.
The median time to AIDS-defining conditions among HIV-1-infected patients was
10 years, but some people progressed to AIDS in less than a year while others
avoided clinical AIDS for up to 20 years.

As the AIDS restriction genes listed in Table 2 were identified, it became evident
that the rate of progression to AIDS was mediated, at least partially, by collaborat-
ing host factors; and that genetic variants in these factors could alter the kinetics
of AIDS progression (hypothesis 2 in Table 1). To implicate these variants, we
used a genetic modification of epidemiologic survival analysis (2, 23). First, we
identified seroconverter patients, those whose date of HIV-1 infection could be
estimated precisely because they had enrolled in the cohort study before convert-
ing from HIV-1 antibody-negative to antibody-positive. Their infection date was
estimated as the midpoint between the last HIV-1 antibody-negative visit date and
the first HIV-1 antibody-positive visit. Seroconverter patients were used to syn-
chronize a Kaplan Meier survival curve that compared the rate of progression to
AIDS “endpoints” between HIV-1-infected individuals with alternative genotypes
(Figure 1). Four AIDS “endpoint” definitions were generally tracked: (a) time
from HIV-1 infection to CD4< 200 cells/mm3; (b) AIDS-1993, as defined by the
U.S. Centers for Disease Control (115) (that is, HIV-1 infection plus AIDS-defining
illness or decline of CD4 T lymphocytes to<200 cells/mm3); (c) the more strin-
gent AIDS-1987 definition (114) (HIV-1 infection plus AIDS-defining illness); and
(d) death during follow-up for an HIV-1-infected patient. Differences between the
rate of progression of different genotypes were evaluated using the Cox proportion-
ate hazards model, which allows computation of relative hazards (RH) between
genotypes, associated p-value of statistical significance, 95% confidence intervals,
and cofactor interactions. (RH= 1.0 indicates no difference between genotypes;
RH< 1 means the genotype slows AIDS progression; RH> 1 indicates that the
genotype is associated with more rapid progression to AIDS).

All eight genes listed in Table 2 encode common natural allelic variants that
exerted either a delay of AIDS (CCR5-132, CCR5-64I, SDF1-3′A) or an accel-
eration to AIDS-defining conditions (CCR5P1, HLAhomozygosity,HLA-B∗35,
HLA-Cw∗04, IL10-5′A) among HIV-1-infected carriers. A survival analysis of two
restriction alleles for chemokine/HIV-1 coreceptor genes (CCR5-132andCCR2-
64I) is illustrated in Figure 1a. Both alleles exert a dominant delay that postpones
AIDS onset for 2 to 5 years. The effects are statistically significant, independent
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Figure 1 (A) Survival curves for HIV-infected persons of variousCCR5/CCR2genotypes display
the near-identical strengths of heterozygotes forCCR5-132andCCR2-64Iin slowing progression
to AIDS (106). The data are for 685 subjects enrolled in AIDS-study cohorts whose date of
seroconversion could be estimated precisely. AIDS is defined by a CDC-based 1993 standard
requiring HIV infection, AIDS-defining illness, and either death or a CD4 cell count not higher
than 200 (115). Each mutation delays AIDS by a mean of two or four years (compared with HIV-
1–infected patients who lack both mutations).CCR5-132 occurs only in Caucasians, at about a
10% allele frequency, whereasCCR2-64Iis ethnically ubiquitous, at allele frequencies of about
10% to 15%. (B) Survival curves demonstrating the interactive influence of dominant susceptible
IL10-5′A bearing genotypes andCCR2-64Ior CCR5-132bearing genotypes on the time to AIDS-
1993 in combined Caucasian cohorts (102). Numbers of patients, p-value (p), and relative hazard
(RH) based on the Cox proportional hazards model are given. Cox models are based on combined
analysis that consideredIL10-5′A andCCR5-132/CCR2-64Ieffects together. RH and p-values
represent analyses whereCCR5/2 protective genotypes are assessed in a Cox model withIL10
genotypes treated as covariates and vice versa. (C) Survival curves relatingHLA class I gene
homozygosity with the time from seroconversion to AIDS, using the CDC 1987 definition for
AIDS (15, 114). (D ) Survival curves assessing the influence ofHLA-B∗35/+ heterozygotes and
HLA-B∗35/B∗35homozygotes in relative time to AIDS-1987 (114) compared with HIV-1–infected
individuals who do not haveHLA-B∗35alleles (15).
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of each other (but see below for the functional interpretation) and cumulative in the
combined and separate cohort analyses (106). TheIL10-5′A allele exerts a domi-
nant influence (102) whereby patients carrying theIL10-+/5′A andIL10-5′A/5′A
genotypes progress to AIDS 3 to 5 years earlier thanIL10-+/+ individuals, and
the effect is enhanced in the later stages (5 to 15 years post infection) (Figure 1b).
The gradual development of AIDS over time actually allows a composite view of
the interaction of the three genes whereby patients withCCR2/5 protective alle-
les and theIL10-+/+ genotype (i.e.CCR5-132/+, CCR2-64I/+, andIL10-+/+)
postpone AIDS the most, whereas patients with alternative susceptible genotypes
progress the fastest. Patients with combinations of protective and susceptible al-
leles for the three loci progress at an intermediate (but still significantly different
from the multilocus-protected or susceptible genotypes) rate (Figure 1b).

A dramatic influence ofHLA class I alleles became evident in an analysis of
class I gene homozygosity and specific class I alleles on survival (Figure 1c,d)
(15). Among a combined cohort group of 498 seroconverters, heterozygosity itself
was highly advantageous since homozygosity for any allele at eitherHLA-A, -B, or
-Cwas highly associated with more rapid progression to AIDS (Figure 1c). Indeed,
if more than one class I locus was homozygous, patients progressed to AIDS even
more rapidly, with 100% succumbing by 10 years post infection. (Only half of
the fully heterozygous people develop AIDS in the first 10 years.) Because nearly
75% of the rapid progressors (those who develop AIDS within four years of HIV-1
infection) are fully heterozygous atHLA-A, -B, and -C, we tested 63 differentHLA
alleles individually in survival analyses under recessive and dominant models for an
influence on AIDS. Two alleles,HLA-B∗35andCw∗04, both showed a codominant
influence on rapid susceptibility to AIDS (Figure 1d). Thus patients with either
B∗35 or Cw∗04 heterozygous with other alleles progress to AIDS more rapidly
than other allele combinations, while homozygotes forCw∗04or B∗35progressed
the fastest, frequently within 2 to 4 years of infection.

The interactive effects of multiple loci on survival patterns would conceivably
confound the interpretation of a one-locus SNP effect in analyses of patient cohorts
also variable for polymorphic alleles at other restriction genes. This influence can
be accounted for by two separate but equally valid approaches. First, it is possible
to consider the genotypes of one locus (e.g.CCR5) as covariates in a survival
analysis of other loci (e.g.CCR2or HLA). This option is accessible in statistical
analysis software (2) designed to quantify RH estimates in the context of other
covariables that exert measurable risk influence in the study population. We have
utilized these weightings in recent analyses ofIL10, HLA, andCCR5P1where
previously affirmed genetic restriction ofCCR2, CCR5, andSDF1were consid-
ered as covariates (15, 70, 102). A second approach involves simply partitioning
the population to eliminate known risk-modifying genotypes. For example, one
can analyzeCCR2-64Ior SDF-3′A genotypes in a cohort, but eliminate patients
with theCCR5-+/132protective genotypes from the analysis. In the special case
of CCR2-64IandCCR5-132, this was achieved automatically in the analysis in
Figure 1a. It turns out thatCCR2andCCR5are but 18 kb apart on chromosome
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3p21 and exert complete “repulsion phase” linkage disequilibrium (i.e.CCR5-132
is invariably carried on a chromosome which isCCR2-+, while CCR2-64Iis al-
ways found on a chromosome withCCR5-+) (106). Thus, only heterozygotes
[CCRS-+·CCR2-G4I]/[CCRS-132·CCR2+], which comprise less than 1% of in-
dividuals can interact in a patient. These considerations of multiple loci become
critical when the number of loci affecting the same phenotype (e.g. time to AIDS)
becomes large (Table 2).

DISEASE CATEGORY ANALYSIS (DCA) TO DETECT
GENETIC EPIDEMIOLOGIC SIGNALS

Perhaps the simplest approach for detecting genetic involvement in disease is to
compare candidate gene allele and genotype frequencies and population HWE
distribution between “disease categories”, subdivisions of the cohort with distinct
clinical outcomes. Thus, to search for genetic influence on HIV-1 infection or
transmission (hypothesis 1 in Table 1), HIV-1-infected individuals are compared
with uninfected individuals likely to be exposed by virtue of their inclusion in risk
groups for AIDS. When we originally compared allele frequencies ofCCR5-132
in infected versus uninfected individuals, we found no significant differences,
but there was a huge difference when we compared differentCCR5genotypes
(24, 66, 96, 128). The reason was that the homozygousCCR5-132/132 geno-
type occurred at 1–2% among uninfected patients but was much lower,≤0.04%,
in HIV-1-infected individuals (Table 3). In our first study (24), there were no

TABLE 3 Occurrence ofCCR5genotypes in European Caucasians

HIV-Positive HIV-Negative

+/+ +/132 132/132 Total +/+ +/132 132/132 Total Citation

1618 264 2 1883 508 87 17 612 24

645 78 0 723 582 114 8 704 96

368 93 0 461 348 82 16 446 48

348 58 0 406 203 51 7 261 78

78 22 0 100 26 7 2 35 35

291 73 0 364 — — — — 49a

475 139 0 614 300 84 3 387 128

— — — — 3008 744 46 3798 110

— — — — 1046 165 8 1218 71

— — — — 2153 492 23 2668 63

— — — — 2099 384 39 2522 67

Total 3,823 727 2 4,551 10,273 2,221 169 12,652

% 84.0 16.0 0.02 81.2 17.5 1.34
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CCR5-132/132 among 1343 HIV-1-infected individuals, leading to a statistical
p-value of 2.5× 10−8. Since that report, over 17,000 individuals have been typed
for CCR5(Table 3) and although a fewCCR5-132/132 homozygotes have been
found to harbor HIV-1 (they became infected with a mutational derivative of HIV-1
that can utilize another chemokine receptor, CXCR4, as an entry portal instead
of CCR5) (5, 8, 86, 101, 112), the statistical power of the distortion in genotypes
between the two disease categories (infected versus uninfected) remains enormous.

The disease category analysis (DCA) can also be used to detect genetic effects
within continuous phenotypic distributions such as the rate of AIDS progression
(hypothesis 2 in Table 1). However, in this case the disease categories are arbitrary
and defined by inspecting the survival patterns of the cohorts. Thus, one could
evaluate patients’ categories with different progression rates by taking the median
time to AIDS for all (or each) cohorts and comparing allele/genotype/HWE in
rapid progressors (who develop AIDS in a period less than the median) versus
slow/non-progressors (who develop or avoid AIDS for longer than the median
year interval) (Figure 2). Alternatively, we could subtract (and not consider) a few
years on each side of the median, because their status is indeterminant, or we could
set the cutoff time at 5 years or even 15 years.

DCA uses the same patient data as the survival Kaplan Meier curves (Figure 1)
and may not be as precise; yet there is an important advantage. Survival analy-
ses must use seroconverters exclusively, yet the majority of patients enrolled in
AIDS cohorts are seroprevalent; i.e. they entered the study already HIV-antibody
positive. Thus we cannot estimate their date of HIV-1 infection with any confi-
dence, and rapid progressors infected at the same time as seroprevalents would
be underrepresented, since they had died before enrollment could occur (see
below).

In a dichotomous DCA (one with two compared categories, e.g. rapid versus
slow progressors), only seroconverters can be considered as rapid progressors
since the time of infection is critical for their inclusion. However, for the slow
(or non-) progressor category, we can use both seroconverters and seroprevalents.
The reason is that if a seroprevalent patient has avoided AIDS until the median
(say 10 years after entry into the study), then how long he was infected before
entry is of no consequence; he still is a slow progressor. This consideration can
increase the sample population size appreciably (in our case two- to threefold)
giving remarkably increased statistical power. That aspect becomes important
for independent replication in separate AIDS cohorts, a critical component for
confidence in genetic associations. The confirmation effect of dichotomous DCA
for CCR2-64Ialleles, forCCR2-64Igenotypes, and forSDF1-3′A genotypes in in-
dependent homosexual (MACS, SFCC), IV-drug user (ALIVE), and hemophiliac
(MHCS) cohorts is illustrated in Figure 2.

A “multipoint” or “MP”-DCA can also be illustrative and useful in affirming
genetic influence. In this case, the AIDS restriction genotype is measured in pa-
tients who succumb to AIDS at different times (Figure 3). The continuous distri-
butions of AIDS development in AIDS cohorts are partitioned into discrete time
intervals after HIV-1 infection: (a) AIDS < 3.5 years; (b) 3.5 to 7 years; (c) 7 to
10 years; (d ) 10 to 13; (e) 13 to 16; and (f ) ≥16 years. As in the dichotomous
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DCA, we add both seroconverter and seroprevalent patients in the periods after
10 years. The reason is the same, that avoiding AIDS for the time since entry
(>10 years) is the critical point even if it is an underestimate of the actual period.
In Figure 3, multipoint DCAs for four genes detected by AIDS survival analysis
are presented. Figure 3a demonstrates how the frequency of bothCCR5-132
and CCR2-64Iis increased in infected study participants who avoid AIDS for
increasingly longer intervals. We would predict this pattern from Figure 1a, but
remember the DCA includes nearly twice as many individuals. In Figure 3b, a
multipoint DCA tracks the protective homozygousSDF1-3′A/3′A genotype. This
analysis not only confirmed the protective effect of the genotype (by showing a
significant trend over time) but also makes a powerful inference about epistasis of
SDF1-3′A with CCR5-132 andCCR2-64I. Although the cohorts show a median
time to AIDS of 10 years for all patients irrespective of genotype, the MP-DCA
indicates that every single patient with dual protection (SDF1-3′A/3′A plusCCR5
orCCR2heterozygosity) postpones AIDS onset for at least ten years, a remarkable
skew of the population distribution. In Figure 3c the multipoint DCA of the AIDS
accelerating effect conferred by the 13 SNP promoter haplotypeCCR5P1/P1shows
a significantly graded decrease in the frequency in patients who avoid AIDS for
longer periods. These examples illustrate how dichotomous and multipoint DCA
provide powerful and confirmatory adjuncts to survival analyses by making use of
heretofore untapped seroprevalent patients in association mapping.

A FUNCTIONAL INTERPRETATION FOR AIDS
RESTRICTION ALLELES

A plausible physiological context for SNP associations is critical for both cre-
dence and clinical application. For AIDS pathogenesis, an extensive empirical
research effort has contributed to our understanding of each of the genes listed
in Table 2, first by suggesting them as candidates and subsequently in demon-
strating predicted functional differences among certain of the restriction alle-
les (CCR5, CCR5P, CCR2, IL10). These studies have allowed for a biologi-
cally reasonable explanation for each of the AIDS restriction alleles listed in
Table 2. The role of chemokine receptors, their ligands, cytokines, and T-cell–
mediated immune response on AIDS pathogenesis has been reviewed exten-
sively (7, 19, 34, 65, 75, 84, 85). We highlight here the likely implicated mecha-
nisms by which these allelic variants are thought to regulate the steps (Table 1) in
HIV-mediated immune collapse.

In 1996, several research groups (1, 17, 18, 27, 32, 33, 37) provided cogent em-
pirical evidence that establishedCCR5andCXCR4as primary coreceptors along
with the T-cell recognition molecule CD4, for HIV-1 infection (Figure 4, see color
insert). Between 90 and 95% of primary infections involve R5-HIV-1 strains, so-
named because they interact physically with cell surface CCR5 (after binding to
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CD4), a process that triggers viral gp41-mediated virus-cell fusion (93, 95, 99, 126,
127). The virus replicates in CD4 and CCR5 bearing T-lymphocytes of multi-
ple tissue compartments (lymph nodes, marrow, intestinal epithelium), appar-
ently sequestered from immune clearance. Over a billion copies of virions are
produced each day throughout the 10-plus year course of infection of every in-
fected person (46, 118). Replicating viruses in most but not all patients undergo
a mutational transition in the virus envelope protein, gp120, which changes the
virus cell tropism from R5- to X4-HIV-1, a strain that now utilizes CD4 plus
CXCR4 (instead of CCR5) to enter CD4 and CXCR4-positive T-cell subsets
(93, 95, 99, 126, 127) (Figure 4). This emergence of X4-HIV-1 virus usually pre-
cedes an abrupt decline in the CD4-bearing T-lymphocytes, the hallmark of AIDS
(7, 19, 65).

TheCCR5-132 mutation encodes a 32-base pair deletion that shifts the read-
ing frame of theCCR5gene coding exon leading to a premature stop codon 24
amino acid residues downstream (24, 66, 96, 128). The truncated gene product
does not appear on the cell surface inCCR5-132/132 homozygotes, remov-
ing the necessary entry port for the primary R5-HIV-1 strains and conferring
near-complete resistance to HIV-1 infection (6, 124). The handful of exceptions
(CCR5-132/132 homozygotes who did become infected) have been shown to
involve rare primary infections with X4-HIV-1 utilizing CXCR4 instead of CCR5
(5, 8, 86, 101, 112).CCR5-+/132 heterozygotes express a diminished quantity
of CCR5 on their cell surface due to gene dosage, and also because peptide
heterodimers of CCR5+/CCR5-132 are retarded on the endoplasmic reticulum
(6, 124). Since viral replication and spread in HIV-1-infected patients drives AIDS
pathogenesis, limiting that process by diminishing CCR5 receptors would explain
the slowing of the AIDS pathogenesis (Figure 1a). The effect ofCCR5in protect-
ing against AIDS-related B-cell lymphoma is less clear, but may involve direct
HIV-1 action since CCR5 is clearly expressed on B-cell surfaces, the focal cell of
the non-Hodgkins lymphoma involved in AIDS patients (25).

The promoter haplotypeCCR5P1/P1 is associated with rapid progression to
AIDS and is thought to involve an increased quantity of CCR5 expression in
response to tissue-specific transcription factors (14, 43, 55, 70, 73, 82). That mech-
anism has not been directly proven; in fact, constitutiveCCR5expression is indis-
tinguishible between differentCCR5Phaplotype-allele genotypes (70). However,
an empirical differential of promoter allele DNA sequence binding to cREL tran-
scription family members lends indirect support to such a scenario (10).

In addition to CCR5 and CXCR4, over a dozen chemokine receptors have been
implicated as functional, albeit inefficient, coreceptors to certain rare HIV isolates
(27, 32, 34, 75, 91). TheCCR2-64Ivariant involves one of these minor corecep-
tors, and the mutation specifies a chemically conservative valine to isoleucine
substitution nested within the first of seven lipophilic transmembrane regions of
the molecule. In vitro studies revealed little difference between T-cells from indi-
viduals bearing theCCR2-+ versusCCR2-64Ialleles in (a) the quantity of CCR2
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expressed, (b) the kinetics of HIV-1 infection, or (c) specific chemokine ligand
signaling of CCR2 (61, 69). A possible interpretation for the epidemiologic effect
on AIDS (Figure 1a) is that alternativeCCR2allele products interact differentially
with either CCR5 or CXCR4 peptides during assembly and expression, perhaps al-
tering their availability. An interesting but unconfirmed report (76) suggested that
theCCR2-64Ispecified protein product can dimerize preferentially with CXCR4,
sequestering it on the endoplasmic reticulum, whereas the wild-typeCCR2-+
specified peptides do not.

SDF-1 is a powerful chemokine produced by stromal cells, mesothelial cells,
and endothelial cells that is the only identified natural ligand of CXCR4
(Figure 4). TheSDF1-3′A variant is an SNP located in the 3′ untranslated re-
gion of one of two alternative splicing transcripts SDF-1β. The variant is located
37 base pairs from a highly conserved sequence stretch (88–90% homologous be-
tween human and mouse), a signal for a regulatory region constrained functionally
from evolutionary divergence (103, 122). A limited tissue distribution of SDF-1
in vivo and its tendency to aggregate in serum has made quantitative analysis of
different genotypes difficult (4, 9, 92). We have speculated, however, that since
SDF-1 is the primary ligand of CXCR4,SDF1-3′A may restrict the evolutionary
emergence of X4-HIV-1 in situ and the ensuing AIDS accelerating process per-
haps by overproduction of SDF-1 in local compartments, blocking the requisite
CXCR4 receptors (122).

IL10, produced by lymphoid cells, is a powerful TH-2 cytokine that inhibits
macrophage and T-cell replication, cytokine secretion from T helper cells, and HIV-
1 production in macrophages (38, 39, 54, 81, 97). TheIL10-5′A promoter variant
reducesIL10 transcription two- to fourfold and specifies a DNA sequence that
fails to bind to certain ETS family transcription factors that recognize the wild-
typeIL10-5′Aallele (102).IL10-5′A-mediated downregulation of IL10 production
would release viral inhibition, predicting an increase in HIV-1 replication and
more rapid progression to AIDS, which is precisely the observed epidemiologic
consequence (Figure 1b).

TheHLA homozygosity effect is predisposing to rapid AIDS onset (Figure 1c),
providing a powerful affirmation of the critical influence of functional diver-
sity at the major histocompatibility complex (MHC) in arming the cytotoxic
T-lymphocytes against genetically diverse invading parasites (15, 49, 87). The
concept that maximal MHC diversity increases the immune repertoire of pop-
ulations and individuals has long been postulated as a driving selective force
behind the high levels of MHC allelic diversity, particularly in amino acid alter-
ations in the functional domains (i.e. peptide binding site) of MHC molecules.
With a dynamic infection like HIV-1 where a swarm of mutationally diverse
virions evolve to “escape” immune surveillance in every patient (83, 89), MHC
diversity matters. The HLAB∗35, -Cw∗04 acceleration is less easy to explain,
since both these alleles encode class I molecules that recognize common HIV-1
amino acid signature residues. An alluring and testable hypothesis would be that
these alleles provide a target for an HIV-1–encoded decoy epitope (15). In one
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scenario, the host CTL machinery is diverted to defending against B∗35/C∗04
epitopes, which are effectively dispensible to the virus mission for replication and
pathogenesis.

EPIDEMIOLOGIC IMPACT OF AIDS
RESTRICTION GENES

Three interactive parameters contribute to the severity of the epidemiologic conse-
quence that each or combinations of these restriction genes would have on a study
population. These include the genetic mode (i.e. is restriction dominant, recessive,
codominant, or epistatic?), the population frequency of alleles and effective geno-
types, and the actual strength of the effect on disease outcome. The genetic mode is
determined empirically by testing all possible permutations (e.g. see Figure 1, 2).
The population or cohort allele/genotype frequencies are measured directly but
can be very different among ethnic groups. For example,CCR5-132 allele fre-
quency ranges from 5% to 15% across different parts of Europe, but it is absent in
native Africans or native East Asians. Large ethnic differences were also seen for
CCR5P, SDF1, HLA, andIL10 allele frequencies (15, 70, 85, 102, 122). The epi-
demiologic strength of the protection/susceptibility is estimated by relative hazard
in the survival analysis (Figure 1) or by relative risk (RR) or odds ratio (OR) in
DCA (Figure 2).

The Attributable Risk (AR) and Protected Fraction (PF) statistics were de-
veloped to assess the combinational influence of a risk factor (in our case of a
particular genotype) on the entire study population (62). AR combines the three
variables described above and addresses questions such as: What fraction of the
slow progressors are in this category due to their carryingCCR5+/132; or what
fraction of the rapid progressors do so because they lackCCR5-132 protection?
There are as many ways to formulate these questions, as there are for setting cat-
egories for DCA. Also, when more than one genotype is considered, and their
effects go in opposite directions (e.g. Figure 1b), the computation becomes more
complex.

In Table 4, we present one attempt to estimate AR for each of the eight genes on
AIDS progression. The values are not additive because they interact, and mathe-
matical models and simulations to precisely quantify the effects are under develop-
ment. Statements made in the past (for example “...extended survival of 28–40% of
HIV-1-infected individuals who avoid AIDS for ten or more years can be attributed
to HLA genotype” or “...survival of 28–29% of long-term survivors, who avoid
AIDS for 16 years or more are in that group because they carryCCR5-+/1 32or
CCR2-+/64I”...are accurate (15, 106), but require additional interactive analysis
to achieve composite AR estimates and confidence limits. However, nearly 50%
of the epidemiological variance in the rate of progression to AIDS can probably
be attributed to the genotype for the eight restriction genes (Table 2) in the study
participants (80).
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TABLE 4 Relative Hazard (RH), Relative Risk (RR), and Attributable Fractions (AF) for
progression to AIDS∗

AF for
survival

Protective past 12
Gene Model genotypes Frequency RH RR years

Genetic restriction
CCR5 dominant [+/132] 0.20 0.72 1.38 7.0%

CCR2 dominant [+64I, 64I/64I] 0.17 0.72 1.56 8.7%

SDF1 recessive [3′A/3′A] 0.05 0.65 1.49 2.2%

Any protective factor 0.36 0.69 1.72 20.4%

Genetic susceptibility
Gene
CCR5 promoter recessive [P1/P1] 0.13 1.52 2.02 11.6%

IL 10 dominant [+/5′A, 5′A/5′A] 0.41 1.44 1.28 10.2%

HLA Class I genes zygosity homozygotes at 0.25 1.84 1.52 11.4%
A, B, or C

HLA-B co-dominant [+/B∗35, 0.17 1.80 1.21 3.4%
B∗35/B∗35]

HLA-C co-dominant [+Cw∗4, 0.20 1.87 1.36 6.9%
Cw∗04/C2∗04]

Any susceptible factor 0.60 1.72 1.61 26.7%

∗
(CDC-1993 definition, Reference 115) within 5 years of HIV-1 infection or AIDS-free survival for 12 or more years, by

identified AIDS restriction genes

THE STRENGTH AND LIMITS OF ASSOCIATION
ANALYSIS

The major strength of association analysis is that it uses distortions in compared
population genetic frequency distribution to detect disease genes. Yet this advan-
tage is accompanied by potential pitfalls that can lead to false positive associations
as well as to missing important loci. False positive associations can arise from
sampling errors in sub-structured study populations, from variation associated
with multiple statistical tests, and from linkage disequilibrium (LD) of marker
SNPs with the actual disease-affecting SNPs. Previous successes and increased
familiarity with family-based studies to locate genes has led some to conclude
that pedigree analysis is superior to, or even irreplaceable, by association analysis.
However, pedigree analysis also depends on statistical departures from random
association and can also lead to similar mistakes. Timing may be important in
forming these impressions, particularly since monogenic disease gene discovery
and theory are clearly more advanced than association mapping. Nevertheless,
recent association mapping examples, including those reviewed here, lend cautious
hope to the technique in implicating disease genes, by controlling for statistical or
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LD artefacts. It may be relevant to mention that some of the earliest successes in
disease gene inference (sickle cell anemia, Tay Sachs disease, thalassemia) were
based largely on association data.

Criteria for robust validation of disease gene associations in survival, case con-
trol, or DCA are well described, but sometimes difficult to achieve (3). Optimum
studies include: (a) large numbers of clinical cases, (b) replication in different
study populations, (c) functional data relating the SNP association with gene func-
tion, (d ) negative control SNPs in the region that fail association tests to exclude
LD as an explanation, (e) low statistical p-values after conservative correction for
multiple tests, (f ) high relative hazards or relative risks, and (g) high attributable
risk. The AIDS restriction gene studies illustrate each of these criteria in varying
degrees. Our study population includes five independent cohort studies in three
distinct risk groups: homosexual men (MACS, SFCC); hemophiliacs (MHCS,
HGDS); and IV drug users (ALIVE). In most of our studies 2000 to 4000 patients
were genotyped (15, 24, 25, 70, 102, 106, 122). Replication of epidemiologic sig-
nals among these cohorts plus in other cohort studies have been used to affirm the
signals for nearly all the genes in Table 2. In addition to replicate cohorts, the
AIDS genes show signals for different AIDS endpoints for survival, for dichoto-
mous and multipoint DCA, and for Caucasian and African American ethnic groups
studied separately. The p-values after corrections vary, but consistent p-values of
10−2–10−8 lend confidence to the association analysis. Lastly, a functional context
has been suggested for each of the AIDS restriction genes (see above), and all
exceptSDF1have quantified physiological distinctiveness between wild-type and
variant allele products that are consistent with the suggested function (34, 75, 85).

Linkage disequilibrium (the tendency of alleles at tightly linked polymorphic
loci to assort nonrandomly in the populations) can lead to associations with SNPs
linked to but not physiologically responsible for the clinical difference. Workers
in genetic epidemiology are learning to recognize such effects and to interpret
them correctly. Some examples with the AIDS cohort studies illustrate this point.
First, survival analyses of nine polymorphic microsatellite loci alleles within a
10-megabase segment encompassing theHLA region did not reveal any homozy-
gosity or specific allele/phenotype association with AIDS progression (15). This
negative result would lend credence to the inference that theHLA class I epidemi-
ological signal (Figure 1c,d) derives from theHLA gene products themselves and
not from one of the other 221 loci within the 3.6-megabaseHLA region (15, 77).
Second, LD was extremely useful in resolving the genetic effects ofCCR5-132,
CCR2-64I, andCCR5P1, alleles of three tightly linked restriction genes located
on 3p21 (14, 70, 106). These alleles occur in strong LD such that only three haplo-
types including them ([CCR2. CCR5P. CCR5]: [64I. P1. +], [+. P1. 132] and
[+. P1. +]) were encountered, simplifying the survival and DCA analyses consid-
erably. That unusual LD association allowed us to exclude the postulated explana-
tion ofCCR2-64Irestriction as arising fromCCR2-64ILD with a down-regulating
CCR5promoter. The reason is that the promoter allele haplotype (CCR5P1) in
absolute LD with AIDS delayingCCR2-64Iaccelerate, rather than delay, AIDS
(Figure 3c). Third, haplotype and specific SNP analysis of multiple markers in



P1: FRK

October 6, 2000 15:52 Annual Reviews AR116-20

580 O’BRIEN ET AL

theCCR5Ppromoter region and in theIL10 promoter region were highly infor-
mative in implicating the responsible functionally relevant SNP (70, 102). In sum,
attention to all these factors to validate association signals not only leads to con-
fident implication of responsible SNPs, but also can be of considerable utility in
excluding false positive signals.

It is also exceedingly important to be cognizant of sampling and fluctuation bi-
ases. These can be simple avoidable mistakes such as failure to correct statistically
for multiple association tests (47, 68, 100, 104, 119) or combining ethnic groups
with different allele frequencies of disease gene SNPs or flanking markers in LD
with these. Ethnic admixture will lead to spurious distortions of population ge-
netic parameters as a consequence of the frequency differences between the parent
populations (11, 16, 109). A more subtle bias specific to time-sensitive survival
analysis such as for AIDS is the “frailty” or “survival” bias that arises in cohorts
established years after patients became infected or exposed (31, 105, 107). In this
case, recruitment of study participants several years after HIV-1 infection would
unintentionally exclude the very rapid AIDS progressors since many would have
died in the interval (24, 41, 42, 45). Bias also occurs in seroconverters whose cells
were collected years after infection since rapid progressors tend to have fewer vi-
able cryopreserved lymphoid cells due to immune dysfunction. Survival or frailty
effects are typified by plotting survival of seroconverters in hemophiliac cohorts
(Figure 5) who show apparent (but inflated) longer survival than the gay men or IV
drug user seroconverter cohorts.The reason is that the hemophiliac cohorts were
established in the late 1980s, several years after introduction of HIV-1 surveil-
lance in clotting factor lots in 1984. This bias has led to reports of associations (or
absence) that, we suspect, were a consequence of the bias (51, 79).

GENOME SCANS IN ASSOCIATION ANALYSIS

Genome-wide scans using dense maps of human SNPs and STRs have been re-
cently suggested as a means to identify multiple gene effects of complex disease
(20, 58, 94). The approach is promising because, if successful, it uncovers genes
that would not be identified as candidates by other means. Very dense maps of 5000-
plus STR (short tandem repeat, also termed microsatellite) loci and over 100,000
SNPs are already available, plus array technologies for high-throughput genotyp-
ing are improving daily (13, 26, 30, 44, 120). As in the candidate gene approach,
the association genome scan would look for differences in population genetic pa-
rameters (allele, genotype frequency, HWE, and haplotype disposition) between
unrelated disease cases and controls. Unlike linkage studies, disease gene detec-
tion by association is completely dependent upon LD between the test marker and
the disease gene. That caveat is an important unknown quantity. The persistence
of LD depends on the natural history of the disease gene containing chromosome
segment of the test population plus the recombination distance between the disease
gene and the test marker, two parameters difficult to estimate in study populations
until after the disease gene is already discovered (20, 94).
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Figure 5 Survival curves of four AIDS cohorts using patients of all genotypes illustrating skews
created by frailty or survival bias. ALIVE and MACS include all seroconverter patients who entered
the study as HIV-1–antibody negative and converted to HIV-1–antibody positive. The SFCC was
enriched intentionally for long-term nonprogressors. The MHCS is a hemophiliac cohort estab-
lished in the late 1980s 3 to 5 years after seroconversion of most patients. Successfully transformed
B-cell lines labeled MHCS-cells utilized to implicate AIDS restriction genes are shown separately
from the entire cohort to illustrate that cell transformation is less successful in more rapid AIDS
progressors (see text).

Theoretical and simulation studies can paint a bleak picture for the strength of
LD, at least in homogeneous expanding human populations. Kruglyak (56) has
estimated that LD is unlikely to extend beyond 3 kb in typical human populations,
meaning that an efficacious genome scan would require 500,000 SNPs. These
computations should be considered as over-conservative since they represent the
worst-case scenario. Human genomes contain much longer stretches of LD due to
histories of population bottlenecks, ethnic admixture, and selective sweeps across
chromosomal regions. In our recent study of 56 Caucasian individuals in the CEPH
families typed for 5048 STR loci, LD was high in many genomic regions; in all,
4% of all STR pairs within 4 cM or less displayed detectable LD (50). In the same
study, a genome-wide scan for pairwise LD across 22 autosomes revealed nine
chromosomal regions (2.4–6.4 cM in length) with very high levels of multilocus
LD between included STR markers in a 5 cMsliding window, likely persisting
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from recent selective sweeps in the history of Caucasian population (Figure 6).
Subsequent theoretical treatments and empirical approaches indicate that as few as
30,000 markers (at an average density of 100 kb) would suffice for LD association
mapping (20).

Our own studies of flanking markers of the AIDS restriction genes have detected
significant LD and association signals using adjacent markers spanning 4000 bp
for IL10 and 1 cM forCCR5, CCR2, andCCR5P1(14, 70, 102, 106, 110). The
IL10-5′A influence was originally discovered by association analysis of 19 STRs
linked (1–1000 kb) to a group of candidate loci (102). Among 17 candidate genes
tested, two STRs linked toCCR5and one linked toIL10were the only ones to show
a signal. When these 19 STRs are added to the 25 STRs that showed no association
in theHLA-AIDS analysis (15), 3 STRs of 44 showed an epidemiological signal
for AIDS progression. Two were derived from LD withCCRS-132 and the third
from IL10-5′A, functional AIDS restriction alleles (Table 2).

It is possible to increase the power of association mapping by selecting pop-
ulations (and markers) that would be expected to show increased LD (123). One
option is to study recently founded populations who have passed through a nar-
row population bottleneck placing much of the genome, particularly markers with
rare alleles, into LD. Such genetic “drift mapping” has real potential in increas-
ing the resolving power of association genome scans, because the founder effect
increases the length of regions in LD appreciably (57, 111), in some cases up to
10 cM. Several well-known examples of founded small populations (Finland, Ice-
land, Sardinia, Japan, and others) show these effects (123). But many other less
well described populations retain extensive LD because they have descended from
cyclic expansions following demographic contractions or founder events from
human migrations (20, 123).

A second powerful approach is to sample recently admixed populations be-
tween different ethnic groups (11, 16, 74, 109). Admixed populations generate LD
between loci whose allele frequencies are markedly different in the parent pop-
ulations as a consequence of gene flow. Theoretical and simulation studies of
MALD (mapping by admixture linkage disequilibrium) predict that LD segments
of up to 20 cM would be retained in continually admixed populations such as
African Americans or Hispanics (11, 109). Optimistic scenarios would suggest
that genome scans of 10-cM spaced markers (300–600 markers) enriched for high
delta values (delta is the difference in allele frequency between homologous alle-
les from the parent ethnic groups that contributed to the admixture) would detect
95% of the disease gene variants that themselves show a high delta value (109). A
recent experimental validation of this approach revealed a 20 cM stretch of LD,
including 8 STRs, around the FY (Duffy) locus in sampled African Americans
(59).

MALD has been applied to diabetes in American Indians admixed with Euro-
peans (74) and to hypertension in African Americans (125). The ALIVE AIDS
cohort, which is predominately African American IV drug users, also holds
considerable promise for this method (116). MALD has two possible disadvantages.
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Figure 6 Distribution of linkage disequilibrium (LD) among linked STR loci in 5-cM sliding
windows across the human genome (50). The X-axis is the chromosomal location of the anchor
locus (the first “upstream” locus in the window) based on the recombination linkage map; the
Y-axis shows the X2 with 1 d.f. for the probability of the observed or greater LD within each
5.0-cM window. Tick marks above plots indicate STR locus positions. The horizontal dotted line
indicates the height of theHLA region on chromosome 6 as a reference LD threshold to identify
ten other regions of high interlocus LD.
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First, the delta value of the disease gene variants must be high (δ≥ 0.3) to be de-
tectable and this may not apply for all disease genes. Second, the marker signal may
actually reveal an LD segment that is rather large (e.g. 5–20 cM), making positional
cloning or responsible gene SNP implication formidable. However, narrowing a
locus to a chromosome segment is a welcome first step in haplotype analysis to
implicate the responsible disease gene locus.

CONCLUSIONS

Although population genetic theory and practice were not developed as mapping
tools, their usefulness in this new field is assured. Carefully designed and executed
association analysis can be nearly as sensitive as linkage studies in revealing poly-
genic and multifactional phenotypes, and in some cases more so. Aspects that
can influence success are sample size, population demographic history, rigorous
clinical description of phenotypes, plausible biologic context for associations,
appropriate statistical methodology, and adequate control for ethnic, population,
or cohort perturbations unrelated to the disease.

The AIDS restriction gene discoveries have revealed both strengths and pit-
falls of association analysis. The strength would include the availability of large
numbers of patients, exquisite clinical histories and descriptions, widespread co-
operation from the HIV-1–infected community, and elegant basic research on
the AIDS pathogenic process. Connecting the human gene polymorphisms to
this disease has illuminated the critical role that the host plays in the decline
of immune function. Indeed, nearly half of the epidemiologic variance or het-
erogeneity can be attributed to the composite genotype of study participants.
And yet we suggest that many more gene variants will be uncovered in future
years that implicate steps 1, 3, 4, and 5 in Table 1. Then, our genes that have
evolved to defend against infectious disease, their functional variants, and per-
haps useful clues to therapeutic intervention of this deadly scourge will be re-
vealed.

Visit the Annual Reviews home page at www.AnnualReviews.org
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